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Introduction
The North-eastern Atlantic and its adjacent water bodies (Mediterranean, North and Baltic Seas) are known to have suffered dramatic and periodic changes during the Pleistocene (Briggs, 1996) . During the glacial peaks ice-cover and polar waters moved to much lower latitudes than those that prevail during interglacials such as the current one that has persisted since 10 thousand years ago (kya) (Climap Project Members, 1984) . Thus, much of the northern and western European waters must have been periodically devoid of most temperate organisms with possible exception of a few unglaciated refugial locations (e.g. Mäkinen and Merilä, 2008) . In the interglacials, temperate and especially warm-temperate organisms must have recolonised the west European shores from refugia in unglaciated areas (e.g. Gysels et al., 2004) . Locations of these putative refugia have been proposed in warmer parts of the Mediterranean (e.g. Domingues et al., 2005) , to the south of the Iberian Peninsula (e.g. Francisco et al., 2009) , and for cooler water species in unglaciated areas in northwest Iberia, southwest Ireland and the northern Britanny -Hurd Deep region of the English Channel, where a marine lake persisted during the Last Glacial Maximum (LGM -18 kya) (e.g. Hoarau et al., 2007) .
Phylogeographic histories of west European fish do not conform to a single pattern, with some species forming a single population (e.g. Petromyzon marinus in Almada et al., 2008 ; Thunnus thynnus in Bremer et al., 2005) and others displaying isolation-by-distance and/or clear population differentiation (e.g. Amblyraja radiate in Chevolot et al., 2006; and Atherina presbyter in Francisco et al., 2009) . In some cases genetic diversity drops steeply to the extreme north of the species range (e.g. Pomatoschistus microps in Gysels et al., 2004) , while in others it displays a similar level across the species distribution (e.g. Diplodus sargus in Domingues et al., 2007a,b) . Finally, the genealogies obtained vary from very shallow (likely due to extreme bottlenecks and expansion after the last glaciation) (e.g. Almada et al., 2008) to ones that can be traced back to earlier phases of the Pleistocene (e.g. Sprattus sprattus in Debes et al., 2008) .
The shanny Lipophrys pholis (Linnaeus 1758) is a rocky intertidal fish, extremely common along the west European shores. It ranges from Norway to Mauritania and from the Azores and Madeira to the entrance of the Mediterranean [sporadic records which do not correspond to stable populations (Almada et al., 2001) ]. The demersal eggs are guarded by the male and the larvae hatch ready to start exogenous feeding, living in the plankton for ca. 29 days at a temperature of 15.5-17.5°C (Faria et al., 2002) . Juveniles and adults show restricted movements, and are thought to stay for life in the same rocky stretch (Faria et al., 1996) . This life-history and behavioural trait makes the shanny an interesting species for phylogeographical analysis, as long-range movements by adults, which could blur historical signals, are absent.
A study by Stefanni et al. (2006) showed that fish from the Azores are sister to a group that included all fish from west Europe and the single specimen available from Madeira. These data also suggested that there is no genetic structure along west Europe, but both the number of individuals sequenced and the number of sampling locations were too few to allow a population genetic analysis (12 individuals in Portugal and two in Scotland). The only phylogeographic analysis (Francisco et al., 2006) failed to detect population differentiation along the Portuguese shore. The scope of this paper was, however, restricted to a few hundred kilometres and only mitochondrial DNA was analysed.
In the present paper, we extend the previous study in two ways: 1) we supplement the control region fragment with a nuclear one (the first intron of the S7 ribosomal protein gene) and 2) we extend the sampling coverage from near the entrance of the Mediterranean to the Netherlands, thus covering almost the entire range where the shanny is known to breed. The following questions where addressed: 1) Is there any phylogeographical structure in L. pholis along the European shore?; 2) How does the level of genetic diversity vary with latitude?; and 3) How old are the signatures of expansion/contraction events retained in the genealogies?
Materials and methods

Sampling and DNA sequencing
Specimens of L. pholis were collected from eight sites along the European Atlantic coast (Fig. 1, Table 1 ). Samples were collected in rocky tide-pools and a small piece of dorsal fin was clipped and preserved in 96% ethanol.
Total genomic DNA extraction was performed with the REDExtract-N-mp kit (Sigma-Aldrich). The conditions for the amplifications were as follows: amplification in a 20 μl volume containing approximately 20 ng of genomic DNA extract, 0.3 μl Taq DNA polymerase (Sogent F-taq), 2 μl (10 pmol) of each primer, 3 μl of buffer (supplied by the manufacturer) and 1 μl (2.5 mM) of each dNTP. A fragment from the mitochondrial (mtDNA) control region (CR) was amplified using the primers L-pro1 (5′ ACTCTCACCCCTAGCTCCCAAAG 3′) and H-DL1 (5′ CCTGAAGTAGGAACCAGATGCCAG 3′) (Ostellari et al., 1996) . Polymerase Chain Reaction (PCR) was performed using the following profile: an initial denaturing step of; 35 cycles of denaturing at 95°C for 1′, annealing for 1′ at 58°C, and extending at 72°C for 1′ 30″; a final extending step of 10′ at 72°C. In addition, the first intron of the S7 ribosomal protein gene (S7) was amplified with the primers S7RPEX1F (5′-TGGCCTCTTCCTTGGCCGTC-3′) and S7RPEX2R (5′-AACTCGTCTGGC TTTTCGCC-3′) (Chow and Hazama, 1998 ). The Fig. 1 . Map of sampling locations for Lipophrys pholis. Ob -Oban, Ne -Neetlje Jans, Ply -Plymouth, Car -Carantec, Gij -Gijon, Cam -Camariñas, CM -Cabo-do-Mundo, SPEstoril/Avencas, Am -Amoreira, Lag -Lagos, Cad -Cadiz, Cga -Cabo-da-Gata, and Mad -Madeira. Oeiras, Portugal) . Details on these procedures may be requested from the authors. Sequences obtained were deposited in GenBank (GU196686-784, GU301928-2243 and GU983860-1) and additional sequences were retrieved from a previous work: DQ154169-257 (Francisco et al., 2006) and AY966020-33 (Stefanni et al., 2006) (Table  S1 ). The sequences were aligned with Clustal X2 (Larkin et al., 2007) . For the S7 both strands of the same specimen were recovered following the approach of Sousa-Santos et al. (2005) . This approach takes advantage of the presence of indels in a given nuclear marker, and uses them to accurately reconstruct the individual haplotypes without the need of probabilistic estimation.
Phylogenetic and network analyses
The software PAUP* 4.0b (Swofford, 2000) was used to construct Maximum-Parsimony (MP) using two sequences of Lipophrys trigloides as the outgroup (AY098860 and GU301926-27, for the CR and S7 respectively).
For both DNA fragments, haplotype networks were built with the software TCS 1.21 (Clement et al., 2000) using the parsimony method of Templeton et al. (1992) . Due to the graphical complexity of the CR haplotype network, an additional network was constructed with a reduced dataset containing only transversions.
Demographic analyses
ARLEQUIN 3.11 (Excoffier et al., 2005) was used to estimate levels of genetic diversity, gene flow and population structure -by analysis of molecular variance AMOVA (Excoffier et al., 1992) and pairwise Φ st . The correlation between geographic distance and Φ st was computed with the Mantel test (Mantel, 1967; Smouse et al., 1986 ) (10,000 permutations; geographic distances measured along the shore line). The same software was used to test population expansion with Fu's Fs (Fu, 1997 ) and Tajima's D (Tajima, 1989) . In addition, the fit of the mismatch distribution to that expected under demographic expansion was also analysed (Rogers and Harpensding, 1992; Rogers, 1995) . For S7, ARLEQUIN was also used to perform the linkage disequilibrium (LD) test and exact probability tests for deviations from the HardyWeinberg equilibrium (HWE).
A MCMC approach taking into account phylogenetic relationships among haplotypes as implemented in LAMARC 2.1.3 (Kuhner, 2006) was used to estimate effective population size (N ef ) and the exponential growth parameter (g) (details on runs may be requested from the authors). In order to compute estimates of effective population size, their changes with time, and the age of populations, we used two divergence rates for CR: 10% (Bowen et al., 2006 between Centropyge lineages) and 3.6% (Domingues et al., 2005 for the sister species Chromis chromis and C. limbata) and one for S7: 0.46% (Bernardi and Lape, 2005 for Anisotremus taeniatus and A. verginicus, two transisthmian sister species of blennids separated 6.0-5.3 Mya before the closure of the isthmus of Panama). Values are divergence rates per million years and were halved to get an estimate of mutation rates per lineage per million years. Faria et al. (1996) reported that both sexes of L. pholis mature when they are one year old in the Portuguese coast, but Milton (1983) , in Ireland, reported that maturation is achieved after a period of two years. Thus, a maturity period of two years was assumed bearing in mind that growth is going to be relatively slow during northerly populations and cooler climatic periods.
Past population dynamics of the shanny population were estimated with Extended Bayesian skyline plots (EBSP) (Heled and Drummond, 2006 ) using BEAST v.1.6 . The EBSP generates a posterior distribution of N ef through time using a MCMC sampling. For both the CR and S7 the MCMC analysis was run for 50 × 10 6 generations (sampled every 1000 iterations), of which the first 10% was discarded as burn-in (5 runs). The substitution models used were GTR + G for CR and HKY + G for S7, respectively. For both markers, the time for most recent common ancestor (t MRCA ) and the median and corresponding credibility intervals of the EBSP were depicted using Tracer v.1.4 .
Results
For the CR a fragment of 380 bp was amplified and the 188 sequences obtained define 136 haplotypes. A total of 103 polymorphic sites and 277 invariant positions were found. Differences among haplotypes corresponded to 102 transitions, 22 transversions and 2 indels. For the S7 the 314 sequences (157 individuals) define a total of 26 haplotypes. For this marker the fragment obtained was 646 bp long, including 25 polymorphic sites and 621 invariant positions. Differences among haplotypes corresponded to 24 mutations (9 transitions, 8 transversions and 9 indels). From the 25 polymorphic sites found along the European coast two were clearly in heterozygote deficit, leading to a significant deviation from the HWE (p b 0.001). As for the LD test 13.67% of the possible loci pairs are in linkage disequilibrium, a relatively low value.
For both fragments, the genetic diversity indices showed little variation among collection sites and were generally high (Table 1) . For the CR most haplotypes were private, with no consistent variation with latitude. Although Neeltje Jans is the most northern location, it is the one with the highest percentage of private haplotypes (79%). For this fragment there were 20 shared haplotypes representing 15% of the total. The haplotype that spans the greatest latitudinal range was shared by three locations (Neeltje Jans, Lagos and Cádiz). The results were different for S7, as there were no private haplotypes for the sampling locations north of the Iberian Peninsula. In fact, for this fragment, the percentage of private haplotypes was significantly lower than for CR (Wilcoxon test P b 0.05; overall: 58% vs 85%). For S7, 13 haplotypes were shared among the locations (50% of total).
Phylogenetic and network analyses
For both markers the phylogenetic analyses failed to reveal any geographical structuring along the European shore (trees not shown).
All haplotypes for the CR of the shanny were linked together on a single Statistical Parsimony Network (SPN), under the confidence limit of 95% (Templeton et al., 1992) , with the exception of an haplotype from Estoril (SP17) (Fig. S1) . A simplified SPN built only with transversions is shown in Fig. 2A . The network represents a deep genealogy with multiple levels of diversification, with some haplotypes reaching 10 mutational steps from the ancestral one (outgroup weight 0.0599). The ancestral haplotype gave rise to haplotypes found in all geographical areas (at one mutational step). Several haplotypes, including the ancestral one, are in the centre of star-like patterns that span one or two mutations from the respective centre, which could represent diversification processes after the last glaciation. These stars are wide spread geographically and, as stated above, represent only the most recent diversification events on a much deeper genealogy. It is interesting to note that the haplotype belonging to the only Mediterranean fish is very close to the ancestral one ( Fig. 2A) . For the S7 the SPN obtained is much less diverse (Fig. 2B) , fact easily explained by the difference in mutation rate. Although simpler, this network also lacks geographical structure. It presents a star-like shape around the ancestral haplotype (outgroup weight 0.3711) but, even so, some of the branches reach a maximum of 10 mutational steps from the ancestor, which is consistent with the CR data about the likely persistence of several lineages in multiple glacial cycles.
Demographic analyses
The AMOVA results computed for both markers did not reveal genetic structure along the European coast (CR: F ST = 0.011, P = 0.102; S7: F ST = − 0.007, P = 0.708). For the CR the number of migrants (Nm) was always higher than 1, and the values of Φ ST (Table 2) and Corrected Average Differences (Table S2) were not significant for the great majority of comparisons among collections sites. There were, however, some significant differences in both measurements with some comparisons involving Cadiz (pattern without geographical consistency). Considering the S7, no significant differences were found for the Φ ST (Table 2) and Corrected Average Differences (Table S2) .
The Mantel Test does not support a correlation between the Φ st and geographical distances for both the CR and S7 of the shanny, with the coefficient of correlation itself being very close to zero (r = 0.023 P = 0.342 and r = − 0.182 P = 0.737 respectively). Given the congruence of all the performed analyses, we decided to pool together the 8 sampling sites as a European population for further analysis.
Neutrality tests yielded negative values for both markers (Table 3) ; nevertheless, Fu's F S for the CR is the only significant value, suggesting demographic expansion.
The analyses of the mismatch distributions for CR and S7 did not differ significantly from the model of sudden expansion for the European population (Table 3, Fig. 3 ). For the CR (Fig. 3A) we can detect a stronger peak at 15 differences and another one around 3. With this marker the estimates point to an age of population between 400 Kya and 1 mya, and thus would not be the consequence of the last two glaciations. The S7 graph (Fig. 3B ) also revealed several peaks, with the highest being in the 7 differences. Even when we use this 
Table 2
Geneflow among collecting sites of Lipophrys pholis represented by Nm (above diagonal) and Φ ST (bellow diagonal), and based on the Tamura-Nei model. Significant values of probability P are shown with an *. Cad -Cádiz, Lag -Lagos, SP -Estoril, CMCabo-do-Mudo, Cam -Camariñas, Gij -Gijon, Car -Carantec, and Ne -Neeltje Jans. Inf -Infinite. marker with a much slower mutation rate, the age of the European population last expansion (84-98 kya) is older than the LGM. For both markers N 0 was unequivocally greater than zero. The demographic parameters estimated with Lamarc for the CR are also shown in Table 3 . The corresponding analysis for S7 did not reach stability and was discarded. The confidence intervals of the age of L. pholis population globally overlap with the previous analysis (625 kya-1,7 mya).
The results from the Bayesian skyline plot analyses are summarised in Fig. 4 . For the CR data, according to the plot (Fig. 4A ) the shanny population experienced a faster population growth around 60 ky before present. The skyline plot for S7 (Fig. 4B) identifies a moderate effective population size reduction between~120-100 kya reaching a minimum of 600 individuals. A strong (~7-fold) and rapid size expansion began at 80 kya. It is noteworthy that time of the population reduction does not correlate with the LGM, and the expansion dates are not in agreement with the end of the LGM, corroborating the previous analyses. Both markers yielded congruent estimates for the t MRCA:~1 My (Table 3) .
Discussion
The present results raise at least two different issues: 1) the lack of a detectable decline of genetic diversity in the north of the species range and the homogeneity of the population along a large stretch of European coast; and 2) the complexity and depth of the genealogies found. We will address them in turn.
Homogeneity of the European population
The failure to detect strong fragmentation among European locations and the lack of support for a model of IBD lead us to assume that the west European samples may be viewed as belonging to a single population. It is interesting to note that there is no decline of genetic diversity with latitude.
In glacial peaks like the LGM, much of the North Sea was icecovered and the waters north of Bay of Biscay were polar to sub-polar (Climap Project Members, 1984) . Judging from the present distribution of L. pholis, it is unlikely that it kept viable populations north of Spain. In the meantime, habitats may have become available to the south, along northwest Africa and possibly in the Mediterranean. Indeed, the absence of stable populations in the present day Mediterranean may represent local extinction after the last glacial period, as the fish do not seem to be able to breed at temperatures higher than 17°C (Almada et al., 1990) . The waters around Iberia would be adequate for the survival of the species and it seems reasonable to assume that Iberia must have played an important role as a refugium from which the shanny recolonised West Europe when sea temperature rose in the last 10 thousand years (ky) [according to Climap Project Members (1984) the west Iberian coast yielded water temperatures of 7.2°C, figures comparable to the present day SST in the North Sea]. If one considers a dispersal of 10 km in the same direction per generation (which is a moderate estimate for marine organisms with planktonic larvae) (Cowen and Sponaugle, 2009) , 10 ky would have ensured the recolonisation of the northern waters and would allow the northwards transport of much of the species genetic diversity. If the scenario depicted above is correct, time to disperse from a south-western refugium is not the limiting factor for inshore benthic fish with planktonic larvae to recolonise west Europe after a glaciation. Rather, the oceanographic conditions prevailing during the breeding season and the behaviour and ecology from both larvae and adults will affect the colonisation process and the level of population differentiation.
The complexity and depth of the genealogies
All lines of available evidence point to the conclusion that the main expansion event recorded in the mismatch distribution occurred after an earlier glaciation which apparently affected the population more severely than the most recent glacial maximum. While the smaller peak (three differences) in the mismatch distributions of the CR may correspond to an expansion after the LGM, the largest peak corresponds to 15 differences. Some lineages must even be older than that event, reaching 27 differences. The dates estimated with both markers are consistently older than the LGM. The Bayesian skyline plots provide evidence for the main population expansions to have occurred during the Würm glacial cycle (12-110 kya; van Husen, 2004) . Finally, the values of N 0 are well above zero, indicating that the expansions began from a population that was not subjected to a drastic bottleneck. Several studies on European coastal organisms also showed past expansion events clearly older than the LGM: A. presbyter (Francisco et al., 2009) , Pomatoschistus minutus (Larmuseau et al., 2009) , Fucus serratus (Hoarau et al., 2007) , Pollicipes pollicipes (Campo et al., 2010) , etc. This holds even for organisms that seem to have been able to invade the North Sea after the last glaciation (e.g. A. presbyter in Francisco et al., 2009 ; S. sprattus in Debes et al., 2008) . This is not a generalised result and past expansion associated with the LGM has also been found in some marine organisms (e.g. Coryphoblennius galerita in Domingues et al., 2007a,b ; Necora puber in Sotelo et al., 2009 ; Palinurus elephas in Palero et al., 2008) .
The haplotype network of the CR (Fig. 2a) includes a number of stars of haplotypes at the tips of the branches of an older and complex diversification process. Taken together, all analyses point to a population which retained substantial genetic diversity between glacial cycles and may coalesce after a genealogical history extending to the middle or early Pleistocene. Several studies of temperate marine fishes and other organisms show that the North-eastern Atlantic frequently lacks strong phylogeographical structure, while the genealogies extend well behind the last glaciation (e.g. Debes et al., 2008) .
We suggest that the populations of many marine organisms may move up and down the west European shore with the glacial cycles retaining much of their genetic diversity, although undergoing reductions and expansions in each glacial cycle. This will be especially true for species with large population sizes and dispersal rates that are sufficiently high to enable them to track climate changes efficiently, by shifting their ranges. In such cases, a reduction of a very large population may still leave a large enough sample to retain much of the previous genetic diversity during population size decreases.
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